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Abstract. Visible light communication (VLC) based on light-emitting diodes (LEDs) technology not only provides
higher data rate for indoor wireless communications and offering room illumination but also has the potential for
indoor localization. VLC-based indoor positioning using the received optical power levels from emitting LEDs is
investigated. We consider both scenarios of line-of-sight (LOS) and LOS with non-LOS (LOSNLOS) positioning.
The performance of the proposed system is evaluated under both noisy and noiseless channel as is the impact of
different location codes on positioning error. The analytical model of the system with noise and the correspond-
ing numerical evaluation for a range of signal-to-noise ratio (SNR) are presented. The results show that an accu-
racy of <10 cm on average is achievable at an SNR > 12 dB. © 2018 Society of Photo-Optical Instrumentation Engineers (SPIE)
[DOI: 10.1117/1.OE.57.1.016107]
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1 Introduction
One of the essential problems of indoor visible light commu-
nication (VLC) consists of determining the user location
to channel the correct information to the authorized user,
thus ensuring both privacy and security. In this context,
one might be tempted to use Global Positioning System
(GPS) as a technique for determining the user location.
Unfortunately, the GPS is not suitable to providing accurate
indoor positioning because of strong attenuation of the
electromagnetic waves inside buildings as well as high
cost.1 As a result, several approaches using a wireless-fidelity
system have been proposed to overcome this problem.
However, these techniques result in a lack of accuracy and
coverage as well as higher interference problem and installa-
tion cost.1,2 Some of the typical methods of implementing
VLC positioning include:
• Time of arrival (TOA): this technique uses signal
propagation time to determine the user’s position, i.
e., it is based on the time for the signal to travel
from transmitter to receiver.3
• Angle of arrival (AOA): this technique is based on the
intersection of several pairs of angle direction lines,
each formed by the circular radius between the trans-
mitter and the device’s user.4
• Time difference of arrival (TDOA): the main idea of
TDOA is that the difference between the arriving
times between signals from at least three transmitters
is used to estimate the user’s location.2
• Received signal strength indication (RSSI): this
method uses the received power levels that are mea-
sured at the receiver side (i.e., the received signal
strength) to estimate the distances between the trans-
mitters and a receiver.
In addition, there are a number of subtechniques that have
been developed, including the positioning algorithm in
Ref. 5, where each transmitter has a unique identifier that
is a single tone with all of them having a frequency lower
than 700 kHz; this is also known as discrete multitone.
Moreover, a hybrid positioning method based on range-
free VLC together with RSSI is proposed in Ref. 1. In
Ref. 6, an RF carrier allocation technique is utilized for
an indoor VLC positioning system based on intensity
modulation with a direct detection (IM/DD) technique.
Furthermore, in Ref. 7, the optical orthogonal code is
used in an algorithm with the trilateration method, and an
average location error of 0.08 m is obtained. However,
the previous works neglected the effect of noise and multi-
path distortions of the VLC channel. In addition, these works
did not calculate the location error for all positions in a stan-
dard size room and did not take into account the impulse
response of light-emitting diodes (LEDs).1–3,5,7–15 However,
in Ref. 16, the influence of noise was considered, but
the signal-to-noise ratio (SNR) was very high (i.e.,
SNR ¼ 30 dB). On the other hand, in Ref. 17, the non-
line-of-sight (NLOS) was considered with very low noise
level, i.e., noise power level is −140 to −180 dBmw. In
Ref. 18, multipath distortions and the effect of noise were
considered, but the SNR was very high (i.e., SNR ¼
25 dB) and the positioning error was around 1 m. Finally,
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in Refs. 19 and 20, the effect of multipath is considered, but
the influence of noise is neglected and the localization errors
were relatively high. In this paper, we focus on the RSSI
technique because it does not need synchronization between
the transmitter and the receiver and it is simple.8 Our aim is to
provide a precise estimation of the user’s location and derive
the performance degradation in a typical room where VLC is
implemented. More precisely,
• We design an integrated indoor VLC system end to
end, that is, we take into account all the effects arising
from resampling process, impulse response of LED,
impulse response of photodetector (PD), and channel
impulse response.
• We consider two scenarios of the proposed positioning
system: the first scenario is line-of-sight (LOS) only
and the second is line-of-sight with nonline-of sight
(LOSNLOS), i.e., we calculate the effect of first-
order reflections on positioning accuracy.
• We did not neglect the effect of noise in the proposed
positioning system whereby we add the noise over a
wide range of SNR for both scenarios.
• We derive an analytical model for noise impact on posi-
tioning accuracy. Furthermore, we calculate the angular
errors and horizontal distance errors against SNR.
• We investigate the impact of different positioning codes
on positioning accuracy over a wide range of SNR.
• Finally, we calculate and plot the positioning errors by
various methods (spatial distribution, estimated and
real position, and statistical standards) with and with-
out noise and calculate the average positioning error
for the whole typical room against SNR for LOS
and LOSNLOS scenarios.
The rest of this paper is organized as follows. In Sec. 2, the
VLC channel modeling is presented. Then, the theoretical
aspects of the indoor VLC positioning system are given in
Sec. 3. In Sec. 4, the mathematical model of the RSSI tech-
nique with the trilateration method and mathematical analysis
of noise are presented. In Sec. 5, a discussion of the results
obtained is made, followed by concluding remarks in Sec. 6.
2 Some Preliminaries—Visible Light
Communication Channel Modeling
In this section, we recall some of the basic methodologies for
VLC channel modeling that exist in the literature. The gen-
eral form of the Friis transmission equation gives the
relationship between transmitted and received power for
any communication system10
EQ-TARGET;temp:intralink-;e001;326;730PRx ¼ PTx:HðLÞ · GRx; (1)
where PRx and PTx are the received and transmitted signal
power, respectively, GRx is the receiver gain, andHðLÞ is the
channel gain, which is a function of distance L.
The relationship between transmitted and received optical
power is written as follows:
EQ-TARGET;temp:intralink-;e002;326;644PRx ¼
X
i

PTxihch;LOSiðtÞ þ
Z
walls
PTxidhch;NLOSiðtÞ

;
(2)
where i is the index of the i’th transmitter, LOS stands for the
line-of-sight, and NLOS refers to the nonline-of-sight paths
(also referred to as the diffused configurations). In this work,
we distinguish two cases: (i) LOS and (ii) LOSNLOS. For
the first LOS case, the impulse response of VLC channel is
expressed as21,22 in
EQ-TARGET;temp:intralink-;e003;326;507hch;LOSiðtÞ¼
(
1
L2i
Ro;LOSðθÞAeff;LOSðψÞδ

t−Lic

0≤ψ ≤FOV
0 otherwise
;
(3)
with
EQ-TARGET;temp:intralink-;sec2;326;440
Ro;LOSðθÞ ¼
ðmþ 1Þ
2π
cosmðθÞ;
Aeff;LOSðψÞ ¼ AR cosðψÞTSðψÞgðψÞ;
where Ro;LOSðθÞ is the transmitter radiant intensity for the
LOS scenario, Aeff;LOSðψÞ is the effective signal collection
for the LOS scenario, θ is the irradiance angle, ψ is the inci-
dence angle, TsðψÞ is the gain of an optical filter, gðψÞ is the
gain of an optical concentrator, AR is the detector effective
area, Li ¼ dðTxi;RxÞ is the distance between i’th transmitter
and the receiver Rx, FOV is the field of view of the receiver,
and m is the Lambertian emission, which is given as
EQ-TARGET;temp:intralink-;e004;326;303 ¼ − lnð2Þ
lnðcosðθ1∕2Þ
; (4)
with θ1∕2 being the semiangle at half luminance of the LED.
On the other hand, in the second NLOS case, the impulse
response of VLC channel is given as
EQ-TARGET;temp:intralink-;e005;63;212hch;NLOSiðtÞ ¼
(
1
L2
1jL
2
2j
Ro;NLOSðθrijÞAeff;NLOSðψ ijÞμδ

t −
ðL1ijþL2ij Þ
c

0 ≤ ψ ≤ FOV
0 otherwise
. (5)
with
EQ-TARGET;temp:intralink-;sec2;63;148
Ro;NLOSðθrijÞ ¼
ðmþ 1Þ
2π
cosmðθrijÞ;
Aeff;NLOSðψ rijÞ ¼ AR cosðψ rijÞTSðψ rijÞgðψ rijÞ;
μ ¼ ρdAwall
π
cosðαrijÞ cosðβrijÞ:
The last term μ is based on Fresnel reflection coefficients,
where μ is the factor that gives the effect of the first reflec-
tion, Ro;NLOSðθrijÞ is the transmitter radiant intensity for the
NLOS scenario, Aeff;NLOSðψÞ is the effective signal collec-
tion for the NLOS scenario, i is the index of the i’th trans-
mitter, j is the index of the j’th of multipath, ρ is the
reflectance factor, dAwall is a reflective area of small region,
L1 is the distance between LED and a reflective point, L2 is
the distance between a reflective point and a receiver, αr is
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the angle of irradiance to a reflective point, and βr is the
angle of irradiance to the receiver from multipath as shown
in Fig. 1.
3 Indoor Visible Light Communication Positioning
System Considered
Throughout this paper, we consider the indoor VLC environ-
ment as shown in Fig. 2(a).The coordinator, the visible
LEDs, and the smart device as a mobile user are three
main parts as required in the protocol of IEEE 802.15.7.8
The standard room size is 5 × 5 m2 with height 3 m, and
the receiver plane is 0.75 m above floor as shown in
Figs. 1 and 2(a). The room is assumed to be empty. The
coordinator generates different location codes for all trans-
mitters based on the transmitters’ positions. These location
codes are combined with the transmitted data (i.e., to frame).
The frame is modulated using on–off keying-time division
multiplexing (OOK-TDM). The IM/DD was employed to
generate the transmitted signal, xðtÞ, as shown in Fig. 2(b).
Notations: In what follows, we shall use the following
notations.
• hLEDðtÞ: the impulse response of LED.
• hchðtÞ: the impulse response of VLC channel.
• hch;LOSiðtÞ: the impulse response of VLC channel in
LOS scenario.
• hch;NLOSiðtÞ: the impulse response of VLC channel in
reflection or NLOS scenario.
• hch;LOSNLOSiðtÞ: the impulse response of VLC channel
in LOS and NLOS scenario.
• hPD: the impulse response of the PD.
• nðtÞ: an additive white Gaussian noise (AWGN).
The impulse response of an LED, hLEDðtÞ, was derived by
applying a pulse function to the LEDs in the lab as shown in
Fig. 3(a). As a result, the output signal, yðtÞ, of the LED is
given as
EQ-TARGET;temp:intralink-;e006;63;331yðtÞ ¼ xðtÞ⊛hLEDðtÞ ¼
Z
∞
0
xðt − τÞhLEDðτÞdτ; (6)
where ⊛ denotes the convolution process. Then, the output
signal, yðtÞ, is sent to the VLC channel with the impulse
response, hchðtÞ, as shown in Figs. 3(b) and 3(c). Figure 3(b)
shows the impulse response of VLC channel in a LOS
scenario, hch;LOSiðtÞ, whereas Fig. 3(c) shows the impulse
response of VLC channel in an NLOS scenario
hch;NLOSiðtÞ, where we considered only the first reflections.
The signal r1ðtÞ in front of the PD is
EQ-TARGET;temp:intralink-;e007;326;264 1ðtÞ ¼ yðtÞ⊛hchðtÞ
¼

yðtÞ⊛hch;LOSiðtÞ for LOS case
yðtÞ⊛hch;LOSNLOSiðtÞ for LOSNLOS case : (7)
At the receiver side, the output of the PD is
EQ-TARGET;temp:intralink-;e008;326;191 2ðtÞ ¼ r1ðtÞ⊛hPDðtÞ; (8)
where hPD ¼ constant. In this work, we assume hPD ¼ 0.6.
Ultimately, the received signal of the overall system is
expressed as
EQ-TARGET;temp:intralink-;e009;326;127 3ðtÞ ¼ r2ðtÞ þ nðtÞ; (9)
where nðtÞ is the background noise, which is the combina-
tion of thermal, shot, and dark noise and can be modeled as
additive white Gaussian noise (AWGN).Fig. 1 VLC channel modeling for direct and diffused links.
(a)
(b)
Fig. 2 (a) Indoor VLC positioning system and (b) block diagram of
indoor VLC positioning system.
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A low-pass filter (LPF) was used to reduce the impact of
noise. The RSSI technique was implemented to obtain the
user’s location. Using this technique, the receiver separates
the received data from each transmitter by slot time and
recovers the original data with location codes. These location
codes were then used to detect the locations of the transmit-
ters and simultaneously measure the power level for every
LED ½PRx;LiðθLiÞ. Consequently, we obtain the received
optical power PRx;Vð0Þ at distance V from the typical
room measurements. Finally, by applying the RSSI algo-
rithm and the trilateration method, we obtain the user’s loca-
tion. In Sec. 4, the user’s location methodology will be
explained. The flow of the mathematical and signal process
is shown in Fig. 2(b).
4 User Location Methodology Using RSSI
Technique
This section discusses the RSSI technique of indoor position-
ing using three transmitters with the trilateration method.
This approach recovers channel characteristics from incident
light and estimates the receiver location by analytically solv-
ing the Lambertian equation group. In what follows, we
describe the algorithm that allows us to calculate the path
loss as a result of attenuation. From Eq. (2), which is a
basic equation that calculates the received power in the
VLC environment for any location inside a room, the
received power at a distance Li utilizing Eqs. (2) and (3)
is expressed as follows:
EQ-TARGET;temp:intralink-;e010;326;606PRx;LiðθLi ;ψLiÞ
¼ PTxi
ðmþ 1Þ
2πL2i
cosmðθLiÞTsðψLiÞgsðψLiÞ cosðψLiÞ:
(10)
The received power underneath the transmitter, i.e., at dis-
tance V and ψLi ¼ θLi ¼ 0, is given as
EQ-TARGET;temp:intralink-;e011;326;508PRx;Vð0; 0Þ ¼ PTxi
ðmþ 1Þ
2πV2
; (11)
as shown in Fig. 4. From Eqs. (10) and (11), assuming
TsðψÞ:gsðψÞ ¼ 1 and ψLi ¼ θLi , the mathematical model
of the RSSI technique is written as
EQ-TARGET;temp:intralink-;e012;326;433PRx;LiðθLi ; θLiÞ ¼ PRx;Vð0; 0Þcosðmþγþ1ÞðθLiÞ; (12)
where i ¼ 1, 2, 3, or 4 represents the number of transmitters
in the room and γ ¼ 2 is a path-loss exponent correction
factor.5,23 In the sequel, we shall rewrite Eq. (12) as
EQ-TARGET;temp:intralink-;e013;326;367PRx;LiðθLiÞ ¼ PRx;Vð0Þcosðmþγþ1ÞðθLiÞ; (13)
for the sake of simplicity.
4.1 Horizontal Distance Estimation
From Eq. (13), one calculates the angle of irradiance ðθLiÞ
using the measurements of the received power at distance
V and the received power at distance Li. We now calculate
the horizontal distance estimation, dLi , as
23
Fig. 4 Side view of one-dimensional indoor VLC system.
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Fig. 3 Impulse responses of VLC positioning system: (a) the LED
impulse response, (b) an impulse response of VLC channel for
LOS scenario, and (c) an impulse response of VLC channel for NLOS.
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EQ-TARGET;temp:intralink-;e014;63;752dLi ¼ V tanðθLiÞ: (14)
4.2 Trilateration Method
The process of determining absolute or relative locations of
targets by measuring the distances using the geometry of
circles is shown in Fig. 5. Therefore, there are four power
levels to be measured at the receiver side. However, the
receiver will only select the three maximum power levels
that will be used by the positioning algorithm to determine
the location of the user. Thus, we use the RSSI algorithm to
calculate θLi (i.e., θL1 , θL2 , and θL3 ). We then calculate dL1 ,
dL2 , and dL3 using Eqs. (13) and (14), respectively. Now, the
trilateration method is used to determine the position of the
user by obtaining the intersection point from the three fol-
lowing equations:
EQ-TARGET;temp:intralink-;e015;63;583
8<
:
ðxRx − xTx1Þ2 þ ðyRx − yTx3Þ2 ¼ d2L1
ðxRx − xTx2Þ2 þ ðyRx − yTx2Þ2 ¼ d2L2
ðxRx − xTx3Þ2 þ ðyRx − yTx3Þ2 ¼ d2L3
; (15)
where dL1 , dL2 , and dL3 are the horizontal distances between
transmitters and receiver and ðxTx1 ; yTx1Þ, ðxTx2 ; yTx2Þ, andðxTx3 ; yTx3Þ are the position coordinates of the transmitters,
where ðxRx; yRxÞ is the position of the receiver.
4.3 Mathematical Analysis of Noise
In this section, we develop a noise analysis for the proposed
positioning system. By setting, k ¼ mþ γ þ 1, Eq. (13) is
then rewritten as
EQ-TARGET;temp:intralink-;e016;63;413PRx;LiðθLiÞ ¼ PRx;Vð0Þ: coskðθLiÞ: (16)
The above equation expresses the ideal system case, which
means there is no noise affecting the system. From this, we
derive
EQ-TARGET;temp:intralink-;e017;63;347θLi ¼ cos−1
2
4
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
PRx;LiðθLiÞ
PRx;Vð0Þ
k
s 3
5: (17)
On the other hand, in the presence of noise, we have
EQ-TARGET;temp:intralink-;e018;326;741fPRx;LiðθLiÞ þ Pnig ¼ fPRx;Vð0Þ þ PnogcoskðθLi þ ΔθLiÞ;
(18)
where Pni and Pno are the noise power levels at distance Li
and V, respectively, both obeying white Gaussian distribu-
tion. Consequently
EQ-TARGET;temp:intralink-;e019;326;662θLi þ ΔθLi ¼ cos−1
2
4
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
PRx;LiðθLiÞ þ Pni
PRx;Vð0Þ þ Pn0
k
s 3
5; (19)
that is
EQ-TARGET;temp:intralink-;e020;326;595ΔθLi ¼ cos−1
2
4
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
PRx;LiðθLiÞ þ Pni
PRx;Vð0Þ þ Pn0
k
s 3
5
− cos−1
2
4
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
PRx;LiðθLiÞ
PRx;Vð0Þ
k
s 3
5; (20)
and the link snr is given by
EQ-TARGET;temp:intralink-;e021;326;492snr ¼ PRx;LiðθLiÞ
Pni
⇔ Pni ¼
PRx;LiðθLiÞ
snr
; (21)
where the snr is the linear value of signal-to-noise ratio.
Then, ΔθLi is rewritten as
EQ-TARGET;temp:intralink-;e022;326;423ΔθLi ¼ cos−1
2
4
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
PRx;LiðθLiÞ½1þ 1∕snr
PRx;Vð0Þ
k
s 3
5
− cos−1
2
4
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
PRx;LiðθLiÞ
PRx;Vð0Þ
k
s 3
5: (22)
From Eq. (14), we calculate the horizontal distance error
in the ideal case whereas the real case is given as
EQ-TARGET;temp:intralink-;e023;326;304dLi þ Δdi ¼ V tanðθLi þ ΔθLiÞ; (23)
EQ-TARGET;temp:intralink-;e024;326;273Δdi ¼ VftanðθLi þ ΔθLiÞ − tanðθLiÞg: (24)
Finally, from Eqs. (22) and (24), we obtain the relation-
ship between the angular error ðΔθLiÞ or the horizontal dis-
tance error ðΔdiÞ and SNR at any point in the VLC room.
5 Results and Discussions
5.1 Test Parameters
The indoor positioning system was simulated using
MATLAB® to pinpoint the user’s position. We considered
a resampling process to reduce the effect of noise and chan-
nel distortion on the location codes that have information of
the transmitters’ positions. These location codes are neces-
sary to the positioning algorithm, so we obtain acceptable bit
error rates (BERs). The system parameters are presented in
Table 1.Fig. 5 Top view of two-dimensional (2-D) positioning system.
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5.2 Results and Discussion
First of all, the location algorithm, which is shown in
Fig. 2(b), is applied to obtain the performance of the location
error at 441 points on the receiver plane in a typical room
(5 m × 5 m × 3 m) by the two scenarios mentioned before
(i.e., LOS and LOSNLOS). Because we assumed that the
difference in the received optical power levels (i.e., the posi-
tioning errors) between two positions (i.e., the distance
between them is <25 cm) is very small, it can be ignored.
The second reason is that we tested 25 positions per square
meter as a real scenario that is enough to evaluate the per-
formance of proposed positioning system. According to
Ref. 24, the required SNR to achieve a target BER of
10−6 is 13.6 dB. Therefore, our simulation will consider
an SNR of more than 13.6 dB. From the mathematical analy-
sis of noise, we simulated and plotted the relationship
between the angular error (Δθ) and a wide range of SNR
when the receiver is located at different positions of the
room as shown in Fig. 6(a), where we select three different
positions. It is noted that the angular error is different from
one position to another when the SNR is <10 dB. However,
it has approximately the same effect when the SNR is high.
The relationship between the horizontal distance error ðΔdÞ
and SNR is plotted in Fig. 6(b) for three different positions of
the receiver where it can be seen that the horizontal distance
error becomes stable at higher SNR > 20 dB.
In this section, we investigate the effect of different
location codes on the angular error and the horizontal dis-
tance error. We assume four different location codes as
a binary stream, which are f00000001g, f10000000g,
f10101010g, and f11111111g. This means that every signal
has different average power levels, which are 0.125, 0.125,
0.50, and 1, respectively, as normalized power. It is worth
noting that there is a difference among location codes
when the SNR is lower than 15 dB but a similar effect on
both the angular error or the horizontal distance error
when the SNR is higher than 15 dB as shown in Figs. 7(a)
and 7(b). Therefore, we conclude that there is not any impact
on the positioning accuracy when we use different location
codes with OOK modulation. In the first scenario, the posi-
tioning system is considered an ideal system meaning that
noise is not taken up at any stage in the aforementioned
VLC system. The results are based on two different proce-
dures that are LOS in the absence of any reflections from
walls. In the second procedure, we consider both the LOS
and NLOS (LOSNLOS), which are shown in Figs. 8(a)
and 8(b), respectively. Furthermore, all statistical measures
(mean, standard deviation, and maximum) indicate that
there is a free error in the LOS procedure as in Fig. 8(a).
However, in the second procedure, the average error has
increased in all locations in the typical room, especially
Table 1 Simulation parameters for the proposed VLC positioning
system.
Parameters Values
Size of room: Length ×Width × Height 5 m × 5 m × 3 m
Number of LED-based transmitters 4
Transmitters locations As in Fig. 5
The LED’s semiangle at half power (FWHM) 70 deg
Transmitted power (per transmitter) 10 W
LED bandwidth 3 MHz
Transmit data rate RB 5 Mbps
Receiver plane above the floor 0.75 m
PD type OSD-15T
Active area (AR ) of receiver 50 × 10−6 m2
PD responsivity 0.6
Half angle FOV of receiver 80 deg
Detector orientation: tilt horizontal (elevation) 0 deg
Detector orientation: tilt vertical (azimuth) 0 deg
PD O/E conversion efficiency 0.6 A∕W
Receiver sensitivity (used with the AD8015
transimpedance amplifier)
−36 dBm
LPF cutoff frequency RBMHz
X -Y sweep resolution (m) 0.25 × 0.25
(a)
(b)
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Fig. 6 The relationship between SNR and average and variance
bar for (a) angular error ðΔθLi Þ and (b) horizontal distance errorðΔdLi Þ.
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near the walls, where the maximum and average positioning
error are 20 and 3.5 cm, respectively, because of the direc-
tionality of the Lambertian. This means that there are strong
reflections near the walls while in the middle of the room,
and the positioning error is very low because of the reflec-
tions are very weak. On the mathematical side, in the
LOSNLOS scenario, we performed a convolution process
between the transmitted signal from LED and the impulse
response of the LOSNLOS channel, which has a large num-
ber of symbols. However, in the LOS scenario, we used a
multiplication process between the transmitted signal from
LED and the impulse response of the LOS channel that
has only one symbol. Finally, it is to be noted that Figs. 8(a)
and 8(b) show the impact of the reflections from the
LOSNLOS scenario and the significant difference between
LOS and LOSNLOS scenarios in the case of strong
reflections.
In the second scenario, we further investigate the case
when noise is present. In Fig. 2(b), we added noise nðtÞ
into the received optical signal r2ðtÞ as shown in Eq. (9)
using awgn function from MATLAB® (i.e., which is mod-
eled as a normal Gaussian distribution (AWGN) over the
SNR range of 0 to 30 dB). The same positioning algorithm
is applied here, and the same previous scenarios, which are
LOS and LOSNLOS, are also considered. The selected
localization error distributions as well as the real and esti-
mated positions are plotted at 15 dB and are shown in
Figs. 9(a), 9(b), 10(a), and 10(b), respectively. It is to be
noted that there is some difference in Figs. 10(a) and 10(b)
where one observes that the majority of the estimated posi-
tions are inside the room. Therefore, it is a useful feature, and
we note that the effect of reflections is clear on the estimated
positions that are close to walls. In addition, some statistical
measures (mean, standard deviation, and maximum) are
shown in Table 2 that explains that the localization error
average decreases spectacularly when SNR increases.
Note that Figs. 9(a), 9(b), 10(a), and 10(b) relate to the stat-
istical measures shown in Table 2 when SNR ¼ 15 dB. We
compared the two scenarios when the system is noiseless and
noisy as shown in Figs. 8 and 9, respectively. From this com-
parison, note that the noise effects on positioning error for
the LOS scenario in Fig. 9(a) when SNR ¼ 15 dB, and the
positioning error is free in the absence of noise as shown in
Fig. 8(a). Therefore, there is a significant effect of noise in
the proposed positioning system. The same effect occurs for
LOSNLOS scenario as is shown in Figs. 8(b) and 9(b).
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Fig. 7 The relationship between SNR and average (a) angular error
ðΔθLi Þ and (b) horizontal distance error ðΔdLi Þ for different location
codes when the position of receiver is (2.5, 2.5) m.
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Fig. 8 Spatial distribution of localization error for ideal system:
(a) LOS scenario and (b) LOSNLOS scenario.
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Moreover, Fig. 11 shows the average of all positioning
errors in the room against a wide range of SNR values
for LOS and LOSNLOS scenarios. Indeed, both scenarios
provide an average error which is <7 cm when
SNR ¼ 15 dB. On the other hand, at an SNR of ∼30 dB,
LOS scenario provides an average error that is close to
zero whereas the average error in LOSNLOS scenario is
<5 cm. This is due to the directionality of Lambertian and
the impact of noise. Indeed, we assumed that the room is
empty, but the proposed system can be given in some
cases in a real room, such as if the receiver is near something
inside room (e.g., a person). In this case, we consider it is to
be the same as if the receiver is near a wall if there is no
blocking and the positioning error will be <21.76 and
32.15 cm when SNR is more than 15 dB for LOS and
LOSNLOS scenarios, respectively. However, if it is a little
remote from the wall or something, the proposed positioning
system will be able to work as in a normal case. Furthermore,
if one transmitter is blocked by something, then the proposed
system can work efficiently because it depends on three
transmitters and the model has four transmitters. However,
if two transmitters are blocked, the positioning error will
be high.
5.3 Comparative Analysis of the Results
To evaluate the proposed positioning system, in which the
same RSSI technique and trilateration method are used, a
comparison of the results with other works in the literature
is required. For a fair comparison, the same conditions under
which the results in the previous works were conducted were
also used in the proposed study (for instance, the VLC envi-
ronment and modulation scheme parameters as shown in
Table 3). The summary in Table 3 is divided into two sce-
narios: an LOS scenario and an LOSNLOS scenario. Each
scenario has two cases: noisy and noiseless. Note that, in
the noiseless LOS scenario, error free positioning is obtained
in our study while this is not the case in the previous studies.
On the other hand, in the noisy LOS scenario, the results in
the previous works show the positioning accuracy only at
specific values instead over a range of SNR. For instance,
in Refs. 16 and 26, the accuracies are given only at an
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Fig. 9 Spatial distribution of localization error for real system at
SNR ¼ 15 dB: (a) LOS scenario and (b) LOSNLOS scenario.
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scenario.
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SNR of 30 and 15 dB, which were found to be 5 and 10 cm,
respectively.
In the noiseless LOSNLOS scenario, the previous results
show that the average positioning error is high; for example,
in Refs. 19 and 20, the errors are 0.8064 m and 14.98 cm,
respectively, whereas in the proposed positioning system, the
average distance error is <3.5 cm. On the other hand, in the
noisy LOSNLOS scenario, the average positioning error was
0.5 mm in Ref. 17, but the noise power was very low (i.e., the
range of noise power is from −140 to −180 dBm). In addi-
tion, in Ref. 27, the RMS error was 1.01 m when
SNR ¼ 25 dB. However, in our work, the average distance
error is 4.21 cm when SNR is 25 dB. At the end of this com-
parison, we conclude that the proposed positioning system as
investigated in LOS and LOSNLOS scenarios under both
noisy and noiseless cases is more comprehensive with the
highest accuracy reported so far.
6 Conclusions
This paper discussed a 2-D indoor positioning system using
LED ceiling lamps that are modeled mathematically using an
RSSI technique. The simulations were carried out to calcu-
late the effect of distortions of the received optical power
from three transmitters using the trilateration method. We
found that there is no effect on the positioning accuracy
when different location codes are used. The proposed posi-
tioning algorithm is able to determine the user’s location
with an average error of 5 cm when SNR is 15 dB for
the LOS system. However, the error average in the
LOSNLOS is around 8 cm when SNR is equal to 15 dB.
In general, the average error decreases dramatically when
SNR is increased over 15 dB. Finally, a comparison is
made with previous works on the subject, and we have dem-
onstrated good performance of the proposed positioning
scheme.
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